We study the gas kinematics traced by the 21-cm emission of a sample of six H i-rich low surface brightness galaxies classified as ultra-diffuse galaxies (UDGs). Using the 3D kinematic modelling code 3D Barolo we derive robust circular velocities, revealing a startling feature: H i-rich UDGs are clear outliers from the baryonic Tully-Fisher relation, with circular velocities much lower than galaxies with similar baryonic mass. Notably, the baryon fraction of our UDG sample is consistent with the cosmological value: these UDGs are compatible with having no "missing baryons" within their virial radii. Moreover, the gravitational potential provided by the baryons is sufficient to account for the amplitude of the rotation curve out to the outermost measured point, contrary to other galaxies with similar circular velocities. We speculate that any formation scenario for these objects will require very inefficient feedback and a broad diversity in their inner dark matter content.
INTRODUCTION
The baryonic Tully-Fisher relation (BTFR; McGaugh et al. 2000 McGaugh et al. , 2005 is a tight sequence in the baryonic mass-circular velocity plane followed by galaxies of different types (e.g. den Heijer et al. 2015; Lelli et al. 2016a; Ponomareva et al. 2017) . It has been of paramount importance and widely used for calibrating distances to extragalactic objects and to constrain, for example, semi-analytical and numerical models of galaxy formation and evolution (e.g. Governato et al. 2007; Dutton 2012; McGaugh 2012; Sales et al. 2017 , and references therein).
Among the galaxies populating the BTFR, low surface brightness (LSB) galaxies are of particular interest, and have been used to investigate the mass distribution and stellar feedback processes at dwarf galaxy scales (e.g. Zwaan et al. 1995; de Blok 1997; Dalcanton et al. 1997; Di Cintio et al. 2019) .
Ultra-diffuse galaxies (UDGs; van Dokkum et al. 2015) are an especially notable subset of the LSB galaxy population due to their extremely low surface brightness values while having effective radii comparable to L galaxies. While these galaxies have been known for decades (e.g. Sandage & Binggeli 1984; Impey et al. 1988) , their recent detection in large numbers in different galaxy clusters, groups, and even in isolated environments (e.g. Román & Trujillo 2017; Leisman et al. 2017; Mancera Piña et al. 2019) , has sparked a renewed interest in them.
Many UDGs in isolation are H i-rich, opening the possibility of investigating their gas kinematics. The most systematic study of H i in UDGs has been carried out by Leisman et al. (2017) , who studied 115 sources 1 from the Arecibo Legacy Fast Arecibo L-band Feed Array (ALFALFA) catalogue (Giovanelli et al. 2005) , as well as a small subsample of three sources with interferometric H i data, that meet the optical criteria of having R e ≥ 1.5 kpc and µ(r, R e ) ≥ 24 mag arcsec −2 , according to Sloan Digital Sky Survey photometry. The authors reported that such galaxies are H i-rich for their stellar masses and have low star formation efficiencies, similar to other gas-dominated dwarfs (e.g. Geha et al. 2006) . Perhaps most intriguing, Leisman et al. (2017) reported that the velocity widths (W 50 ) of the global H i profiles of their UDGs were significantly narrower than in other ALFALFA galaxies with similar H i masses. However, without resolved H i imaging of a significant sample, this result could be attributed to a very strong inclination selection effect for their sample, or systematics when deriving W 50 .
Taking all of the above as a starting point, in this work we undertake 3D-kinematical modeling of resolved H i synthesis data to study the gas kinematics of six H i-rich UDGs. The rest of this Letter is organized as follows: in Section 2 we introduce our sample of galaxies with their main properties and we describe our strategy for deriving their kinematics. We present our results and discussion in Section 3, to then conclude in Section 4. Throughout this work we adopt a ΛCDM cosmology with Ω m = 0.3, Ω Λ = 0.7 and H 0 = 70 km s −1 Mpc −1 .
SAMPLE AND KINEMATICS
Our sample consists of six galaxies identified as H ibearing UDGs by Leisman et al. (2017) . They have M HI ∼ 10 9 M and are relatively isolated, by requiring that any neighbor with measured redshift within ±500 km s −1 should be at least at 350 kpc away in projection. Moreover, they have R e > 2 kpc, to ease optical follow-up.
Our observations were obtained with two interferometers: the data for AGC 122966 and AGC 334315 come from the Westerbork Synthesis Radio Telescope (program R13B/001; PI Adams) and the rest from the Karl G. Jansky Very Large Array (programs 14B-243 and 17A-210; PI Leisman). The observations and data reduction procedure are described in Leisman et al. (2017) and more details will be given in Gault et al. (in prep.) . Three more galaxies for which we have data are excluded from this analysis. AGC 238764 seems to have ordered rotation of about 20 km s −1 , but our data-cube misses significant flux with respect to the ALFALFA detection. AGC 749251 shows hints of a velocity gradient but it is barely resolved and we are not able to constrain its inclination better than i 30 • . AGC 748738 shows signs of a gradient in velocity but the data are very noisy. We decide not to consider these three galaxies to keep a reliable sample for the kinematic fitting, but more details on these sources will be given in Gault et al. (in prep.) .
We estimate the baryonic mass of our UDGs as M bar = 1.33 M HI + M , with M HI given by:
where we assume (Hubble flow) distances as listed in Leisman et al. (2017) , and fluxes derived from the total H i-maps using the task flux from gipsy (Vogelaar & Terlouw 2001) . Stellar masses are obtained from the mass-to-light ratio-color relation of Herrmann et al. (2016) for an absolute magnitude in the g band and a (g − r) color. In order to derive such measurements we perform aperture photometry following the procedure described in Marasco et al. (2019) on deep optical data, obtained with the One Degree Imager of the WIYN 3.5-m telescope at the Kitt Peak National Observatory (Leisman et al. 2017; Gault et al. in prep.) .
We find a mean M HI / M ≈ 15, confirming that the baryonic budget is mainly set by the H i content, which we can robustly measure. Table 1 gives the name, distance, inclination, baryonic mass, gas-to-stellar mass ratio, circular velocity, central surface brightness and color of our galaxies. Figure 1 shows the stellar image, 0 th -moment map, major-axis position-velocity (PV) diagram, and observed velocity field for a representative case, AGC 248945. Figure 2 shows the PV diagrams for the rest of our sample.
Rotation velocities are derived with the software 3D Barolo 2 (Di Teodoro & Fraternali 2015) , which fits tilted-ring disc models to the H i data-cubes (e.g. Iorio Table 1 . Name, distance, inclination, baryonic mass, gas-to-stellar mass ratio, circular velocity, central surface brightness and color of our sample.
Name
Distance 24.66 ± 0.30 0.17 ± 0.12
Note-Distances, taken from Leisman et al. (2017) , have an uncertainty of ±5 Mpc, while the uncertainty for the inclination is ±5 • . The central surface brightness is obtained from an exponential fit to the g−band surface brightness profile. Bacchini et al. 2018 ). This approach is particularly suited to deal with our low spatial resolution data (2 − 3 resolution elements per galaxy side) as it is virtually unaffected by beam-smearing (e.g. Di Teodoro et al. 2016) . While further details about the properties of our sample and the configuration used in 3D Barolo will be given in Mancera Piña et al. (in prep.) , here we briefly summarize our methodology. We give the position angle and inclination to 3D Barolo. For the former we choose the angle that maximizes the amplitude of the PV slice along the major axis. The inclination of each galaxy is derived by minimizing the residuals between its observed 0 th -moment map and the 0 th -moment map of models of the same galaxy projected at different inclinations between 10 • − 80 • . We have tested this method blindly, without a priori knowledge of the position angle, inclination nor rotation velocity, on a sample of 32 H i-rich dwarfs drawn from the apostle cosmological hydrodynamical simulations Sawala et al. 2016) , from which mock data-cubes have been produced at resolution and S/N matching our observations, using the martini software 3 (Oman et al. 2019) . We find that we can consistently recover the position angle within ±8 • and the inclination within ±5 • as long as i 30 • , with no systematic trends. These small uncertainties in position angle and inclination have no significant impact on the recovered rotation velocities. We run 3D Barolo with fixed inclination and position angle, and the rotation velocity and velocity dispersion as free parameters, for our fiducial inclination i, as well as for i+5 • and i−5 • . We find rotation velocities (V rot ) suggesting flat rotation curves for all our sample. For calculating V rot , we use the mean velocity of the rings, as found with our fiducial inclination. The associated uncertainties come from the 16 th and 84 th percentiles of the velocity distribution obtained when considering the uncertainty in our inclination. To convert from V rot to circular velocity (V circ ), we correct for pressure supported motions using 3D Barolo as well (cf. Iorio et al. 2017) . As suggested by the narrowness of the PV diagrams ( Fig. 1 and 2 ), we find low velocity dispersions (Mancera Piña et al. in prep.) , giving rise to very small asymmetric drift corrections ( 2 km s −1 ).
RESULTS AND DISCUSSION
In Figure 3 Our galaxies rotate about 3 times lower than galaxies with comparable M bar and effective radius (but higher surface brightness). Alternatively, they have about 10-100 times the M bar of galaxies with similar V circ (but smaller effective radius and higher surface brightness, on average). These low velocities are consistent with the 3 Version 1.0.2, http://github.com/kyleaoman/martini observations by Leisman et al. (2017) and Janowiecki et al. (2019) of H i-rich UDGs having narrower W 50 than galaxies of similar H i mass.
Before discussing the implications of this result we address its robustness. The baryonic masses here derived cannot be substantially overestimated: H i line fluxes can be measured with good accuracy (and we find fluxes in agreement with those derived from ALFALFA data by Leisman et al. 2017) , and the distances to the galaxies in our sample ( d ∼ 90 Mpc) are large enough to be well represented by Hubble flow models, so the estimation of their H i mass is reliable. The H i-rich nature of our galaxies also implies that the stellar mass and its systematics play a rather minor role: even M = 0 would not move the galaxies significantly in Figure 3 .
A severe underestimation of the rotation velocities is also unlikely. First, the H i emission of the galaxies extends out to radii ≈ 8-18 kpc, and velocities obtained at such large radii are expected to be tracing the maximum of the rotation curve for any plausible dwarf galaxy dark matter halo (e.g. Oman et al. 2015, their Fig. 2 ). Second, regarding the inclination correction, bringing the galaxies back to the BTFR would require a nearly faceon inclination (i ≈ 10 • − 20 • ) for all of them, which is both unlikely and incompatible with the observed intensity maps, as illustrated in Figure 1 , with an ellipse showing the inclination that the galaxy would need to be on the BTFR. Third, non-circular motions are not strong enough to solve the observed discrepancy: regardless of the mode(s), their order, phase or amplitude, harmonic non-circular motions do not bias V rot towards lower values systematically, as long as the viewing angle of the galaxy is random (Oman et al. 2019, their Fig . 7) , and the symmetry of the approaching and receding sides of our PV-diagrams suggests the absence of anharmonic components. We also investigated with 3D Barolo the presence of radial motions, but no clear evidence for this was found, although higher-resolution observations are needed to further confirm this. Finally, it is worth to mention that the observed velocity gradients cannot be attributed to H i winds: in that case the gas velocity dispersion would be much higher than observed, and the galaxies would need very high star formation rate densities, opposite to what is measured (Leisman et al. 2017) .
Previous studies already suggested the existence of outliers in the BTFR, or at least an increase in its scatter at low V circ (e.g. Geha et al. 2006) . Sometimes, however, the robustness of the measurements of the rotation velocities (usually estimated from the global H i profile) and inclinations of such outliers were unclear (cf. Oman et al. 2016 and references therein). Based on the discussion above, we conclude that the positions of H i-rich UDGs in the M bar − V circ plane derived here are robust, and our UDGs do not follow the BTFR 4 . This suggests that the distribution of latetype systems in such plane is broader than previously observed, and may have important implications for the scatter in the BTFR, which is a strong constraint for cosmological models. Despite the small scatter previously reported (e.g. Lelli et al. 2016a; Ponomareva et al. 2017) , our findings open the possibility for a scenario where the parameter space in the M bar − V circ plane between the UDGs presented here and the BTFR is populated by LSB galaxies whose resolved H i kinematics have not been studied yet, and which are not in our sample due to sharp selection effects. This may increase the error budget of the intrinsic scatter of the relation, but to properly understand the magnitude of this effect a more complete census of the relative abundances of these galaxies is required.
A second result emerges when comparing the position of our galaxies with the curves in Figure 3 . The black dashed curve is the relation between the circular velocity at the virial radius and the virial mass of dark matter haloes (V vir 4.75 × 10 5 M 1/3 vir M km −3 s 3 , for ∆ c = 100, cf. McGaugh 2012). If M vir is multiplied by the cosmological baryon fraction (f bar ≈ 0.16), this gives rise to the solid grey curve, indicating the expected po-sition for galaxies with a baryon fraction equal to f bar 5 . Unexpectedly, our UDGs lie on top this curve, meaning that they are consistent with having no "missing baryons". Posti et al. (2019) recently discovered that some massive spirals have virtually no "missing baryons". There is, however, a substantial difference between our UDGs and these massive spirals, as the former are H i-dominated and have very shallow potential wells compared to the latter. How, then, is it possible that they retained all of their gas? One intriguing possibility is that they have not experienced strong episodes of gas ejection: feedback processes must have been relatively weak and the shallow gravitational potentials managed to retain (or promptly re-accrete) all of their baryons. We surmise that this could be related to the low gas velocity dispersions we find for our sample, which suggest a currently weak heating of the gas. This may be analogous to the "failed feedback problem" of , although in their case feedback has failed at limiting the star formation efficiency of massive spiral galaxies.
Extremely efficient feedback has been invoked to solve different discrepancies between observations and ΛCDM predictions (see Tulin & Yu 2018 and Bullock & Boylan-Kolchin 2017 for a review, including limitations of such solutions), as well as to explain the formation of UDGs via feedback-driven outflows resulting from bursty star formation histories (e.g. Di Cintio et al. 2017) . These new observations seem to present a challenge to these models.
An alternative scenario could be that our galaxies reside in haloes with V circ ≈ 80 km s −1 but very low concentration, such that their rotation curves are still rising at our outermost measured radii. However, this does not seem feasible since the concentration parameter needed for this is c ≈ 1, instead of the expected c ≈ 10 (Ludlow et al. 2014) , making the existence of such galaxies within the volume of the Universe basically impossible. Figure 4 shows the ratio between baryonic and dynamical mass of our UDGs, with a dynamical mass estimated as M dyn (< R out ) = V 2 circ R out /G, with R out the radius of the outermost point of the rotation curve. Both our sample and LITTLE THINGS galaxies have a mean R out /R d ≈ 4, with R d the optical disc-scale length. Even if our H i-rich UDGs have a baryon fraction equal to the cosmological average, their dynamics could be dark matter-dominated at all radii, as other galaxies of similar V circ , but this is does not seem to be the case, since M bar (R < R out ) ≈ M dyn (R < R out ). Although more precise values of M bar and M dyn should be determined with better data, Figure 4 indicates that these galaxies have much less dark matter within the extent of their discs than other dwarfs and LSB galaxies, and that, inside their discs, the baryonic component dominates.
The dynamical properties here shown resemble those of tidal dwarf galaxies (Hunter et al. 2000; Lelli et al. 2015) . However, given the isolation (mean distance to nearest neighbor ∼ 1 Mpc) of our UDGs, a tidal dwarf origin does not seem likely, but this is hard to test with the current data.
Based on their globular clusters kinematics the UDGs NGC1052-DF2 (van Dokkum et al. 2018; Danieli et al. 2019 ) and NGC1052-DF4 (van Dokkum et al. 2019) have recently been claimed to lack dark matter, although some concerns exist regarding their distances and environments Monelli & Trujillo 2019 ). Our UDGs have robust distances determined from their recession velocities and avoid dense environments, mitigating these concerns. They may be subject to different systematics, but demonstrate that there may indeed ex-ist a previously under-appreciated population of unusually dark matter-deficient galaxies.
CONCLUSIONS
We have analyzed a set of interferometric H i line observations of gas-dominated UDGs. Using a 3D fitting technique we obtain robust measurements of their circular velocities, allowing us to place them in the circular velocity-baryonic mass plane.
We find that our six galaxies lie well above the BTFR, with rotation velocities too low given their baryonic masses. Their position in the circular velocity-baryonic mass plane implies that they have a baryon fraction within their virial radius equal or close to the cosmological value, and we speculate that this could be due to extremely inefficient feedback, challenging our current understanding of feedback processes in dwarfs. Additionally, the dynamics of these galaxies are dominated by the baryonic component out to the outermost measured radii, and they have very low dark matter fractions inside such radii, suggesting a broader distribution in the dark matter content of galaxies than previously thought.
The fact that galaxies with these properties had not been reported before is perhaps because interferometric H i observations are usually targeted based on previous optical studies. Since UDGs are an extremely optically faint population, it is not particularly surprising that this galaxy population has not been identified before. With the advent of large H i interferometric surveys we expect this hidden population to come to light.
